Abstract-The effect of essential oils, eugenol, thymol and menthol, on ery throcytes, hepatocytes, dipalmitoyl phosphatidylcholine (DPPC)-liposomes and surface tension were studied at various concentrations.
Eugenol (2-methoxy-4-allylphenol)
is the chemical essence of clove oil and is probably a widely used dental drug in root canal treatment. Clove oil and eugenol have been found to possess the ability as germicide, antiseptic and anodyne (1) . Eugenol is a constituent of most root canal sealers and belong more properly under the heading of antiseptic than under germicide. Although eugenol caused an irritation and toxicity on soft tissues (2, 3) . The irritative effect of eugenol is slightly more potent than that of clove oil (1) . Thymol also is a widely used drug in root canal treatment. Thymol has a stronger ability as germicide and antiseptic than eugenol.
It is also more strongly ir ritating to periapical tissue than eugenol (4) . Menthol is the main component of pep permint oil and is prepared in the root canal disinfectants, gargarisma and sedative of dentine (5) .
Essential oils has a stronger permeability and irritative ability on the tissue caused by the volatility of these (5) . The periapical tissue damage by eugenol and thymol is the inflammation of tissue caused by the ir ritation, however, the mechanism by which essential oils can produce periapical tissue damage is poorly understood.
The present studies were undertaken to clarify the mecha nism of tissue damage by essential oils, eugenol, thymol and menthol, using rat erythrocytes, hepatocytes and dipalmitoyl phosphatidylcholine (DPPC)-liposomes.
Materials and Methods
Drugs: The drugs used in this experiment were eugenol, thymol and L-menthol (Wako Pure Chemical Ind., Ltd., Japan). Hepatocytes were stained by using trypan blue (Wako Pure Chemical Ind., Ltd., Japan). Dipalmitoyl L-a-phosphatidylcholine (Sigma, U.S.A.) was used for the formation of liposomes.
Hypotonic hemolysis study: Protective and lytic effects of drugs on hypotonic hemolysis were performed by a modified Seeman's method (6, 7). Male, 6 week old Sprague Dawley rats weighing 160-170 g were anesthetized with pentobarbital (40 mg/kg, i.p.), the abdomen was opened, and blood was collected from the inferior vena cava with a heparinized syringe. The blood was centrifuged (255 r.p.m., 15 min), and the erythrocyte rich precipitate was washed three times with isotonic phosphate-buffered saline (PBS: 142 mM NaCI and 10 mM phosphate, pH 7.4). The concentration of erythrocytes in PBS was then adjusted to 1x109 cells/ml, using a Thoma's counting chamber, and this erythrocyte suspension was kept at 0°C before use. The hypotonic buffer solution which would cause hemolysis of 70% of the erythrocytes was prepared by adjusting the concentration of sodium chloride in 10 mM phosphate buffer (pH 7.4) for each erythrocyte suspension. Drugs were first dissolved in dimethylsulfoxide (DMSO) and introduced into the hypotonic buffer solution to produce a concentration of DMSO always less than 1% volume, and this had been previously found not to affect the degree of hemolysis. Aliquots (4.3 ml) of the hypotonic buffer solution in which various concentrations of each drug were dissolved and aliquots (0.2 ml) of the erythrocyte suspension were separately pre-incubated (37°C, 5 min). They were then mixed in glass test tubes and incubated for 1 hr in a 37°C water bath. Following incubation, this suspension was centrifuged (2000 r.p.m., 5 min), and the free hemoglobin in the supernatant was determined at a wavelength of 540 nm using a Shimadzu spectro photometer.
Isolation of rat hepatocytes, cytotoxicity and morphological studies: Male, 7 week old Sprague-Dawley rats weighing 220-250 g were anesthetized with pentobarbital, the abdomen was opened, and the portal vein was cannulated with a 16 guage angioca theter.
Hepatocytes were prepared by a modification of the method of Yasuhara et al. (8) . The liver was perfused with 10 mM Hepes buffer (pH 7.4) for 10 min. The chest was opened, and the thoracic portion of the inferior vena cava was cannulated via the right atrium. The inferior vena cava was ligated just above the level of the renal veins. The liver was then perfused with Hepes buffer containing 0.05% (w/v) collagenase and 100 mM CaCl2 at a pressure of 40 cmH2O for 45 min. The liver was removed, transferred to a beaker containing Hepes buffer, and split with a blunt spatula. The resulting cell suspension was filtered through two layers of nylon mesh. The pellet was washed twice in Eagle's minimum essential medium (Eagle's MEM: Gibco Oriental Co., Japan) solution and resuspended in this medium to a final concentration of 2x105 cells/ml. When a sample of cells was exposed to 0.25% trypan blue, 5 to 10% of them stained, demonstrating 90 to 95% viability. Enzyme assay: Drugs were dissolved in DMSO and then diluted in Eagle's MEM. This solution was added to the cell sus pensions to attain a final drug concentration of 0.001 to 4 mMl. Suspensions containing the same final concentration of 1 % DMSO in Eagle's MEM solution were used as controls. The pH was maintained at 7.4. All procedures were performed using sterile glassware and solutions to reduce microbial contamination. One ml of drug or control solution was mixed with 1 ml of eagle MEM containing 2x105 cells. The suspensions were incubated in culture tubes for 1 hr at 37 °C. The super natant was assayed for transaminase (GOT, GPT) and lactate dehydrogenase (LDH). Transaminase and LDH were determined by the colorimetric method using commercial kits (Transaminase-C Test, LDH-C II Test; Wako Pure Chemical Ind., Ltd., Japan) (9, 10).
Morphological observation: Suspensions containing drug or DMSO with hepatocytes were exposed to 0.25% trypan blue. The stained hepatocytes were transferred to a Thoma's counting chamber.
Morphological change and viability of hepatocytes were examined under light microscopy.
Surface tension study: Each drug was dissolved in DMSO and then added to 100 mM phosphate buffer solution to produce concentrations of 0.001 to 10 mM. This buffer solution was introduced into the bath of an Acoma Wilhelmy surface balance. Surface tension was measured by the platinum hanging plate method (11) and recorded with a Riken Denki F-3EP X-Y recorder. The final concentration of DMSO was always less than 1 % volume, which was found to have a negligible effect on the surface tension (6).
Phase-transition temperature study: DPPC was dispersed in 10 mM phosphate buffer (pH 7.4) at a concentration of 1 mM using a Bronson Sonifer All Destruction 200 at a temperature above the phase transition of DPPC, for 1 hr (6). Essential oils were then dissolved in the DPPC dis persion at 0.001 to 1 mM. Aliquots (3 ml) of this solution were introduced into a 10 mm light-path fluorometry cuvette, which was then placed in the thermostatted double beam cuvette compartment of a Hitachi fluorophotometer.
The temperature inside the cuvette was measured to the accuracy of 0.01 °C with a Takara thermister probe inserted into the cuvette and recorded with a Hitachi 057 X-Y recorder. The temperature was increased at a rate of 0.5°C/min by circulating water from a Shimadzu water thermobath. Turbidity was measured by 90 degree light scattering at a wavelength of 440 nm and recorded by a strip chart recorder. The midpoint between the beginning of the decrease in the scattered light and the point where the scattering reached its plateau was taken as the phase transition temperature for each concentration of essential oils.
Statistical analysis: The data of hypotonic hemolysis, enzyme leakage in hepatocytes and phase-transition temperature represents the mean±S.D. of 3 to 4 experiments. The data of surface tension represents the mean of 2 experiments. Statistical significances were determined using Student's t-test: A P value of <0.01 was considered statistically significant.
Results

Hypotonic
hemolysis study: Effects of essential oils on the hypotonic hemolysis are shown in Fig. 1 . The relative degree of hemolysis was expressed as a percentage of the control value of 70% (the hypotonic solution without a drug would produce 70% hemolysis).
Eugenol and thymol showed biphasic effects on hypotonic hemolysis. At lower concentrations (0.1 to 2 mM), eugenol protected erythrocytes against hypotonic hemolysis; and at higher concentration (4 mM), it exerted a lytic effect on the ery throcytes.
At 0.06 to 1 mM, thymol also protected erythrocytes;
and at 2 to 4 mM, it exerted a lytic effect on the erythrocytes. The concentration which exerted the maxi mum protection for erythrocytes against 70% hypotonic hemolysis were about 2 mM and 1 mM for eugenol and thymol, respectively. On the other hand, menthol showed only a protective effect on the erythrocytes at concentrations from 0.06 to 4 mM. Cytotoxicity study: In the hepatocytes, thymol caused an increase in GOT leakage at 0.2 to 4 mM, but eugenol at 4 mM and menthol at 0.1 and 0.4 mM inhibited the GOT leakage (Fig. 2) . Eugenol (0.1 and 0.4 to 4 mM) and menthol (0.1 to 0.6 mM) caused an inhibition of GPT leakage in the hepatocytes.
The leakage of LDH from hepatocytes was inhibited by eugenol at 0.001 to 4 mM and menthol at 0.1, 0.4 and 0.6 mM. Thymol caused no change in GPT and LDH leakage (Fig. 2) .
Morphological study: The nucleus of normal hepatocytes was not stained with trypan blue, and the viability of hepatocytes was not lowered by the 1 hr incubation (Fig.  3a) . In the slightly sonicated hepatocytes the cytoplasma was stained with trypan blue and nuclei were lysed. The slight sonication caused a complete loss of hepatocyte viability (Fig. 3b) .
Eugenol slightly decreased hepatocyte viability. The nucleus of a few hepatocytes were stained with trypan blue, and this observation differed from the sonicated hepatocytes (Fig. , 3c) . Mor phological changes in the menthol-added hepatocytes were similar to the changes in eugenol-added ones (Fig. not shown) . In the thymol-added hepatocytes, the nuclei were stained with trypan blue, and the viability was markedly lowered (Fig. 3d) .
Surface tension study: Effects of essential oils on the surface tension are shown in Fig.  4 
Discussion
The order of effects of germicide and antiseptic using the phenol coefficient was thymol>eugenol -menthol (12) . The ir ritating effect of eugenol and thymol in the periapical tissue was less than that of phenol (13) , while the cytotoxic effect of eugenol on the Hela cells was stronger than that of phenol (14). It was also reported that the irritation potential of essential oils on the rabbit skin by intradermal injection was in the following order: eugenol >thymol= A. Manabe, S. Nakayama & K. Sakamoto Table 1 . Effects of essential oils on phase-transition temperature of dipalmitoyl-L-a-phosphatidyl choline-liposomes Each value represents the mean±S.D. of 3 experiments. *Significantly different from the control (P<0.01).
menthol (15).
Both of the effects, protective and lytic, of thymol and eugenol against hypotonic hemolysis of rat erythrocytes indicate that these essential oils are useful drugs for endodontic treatments. Especially, the lytic effects of thymol and eugenol on the ery throcyte membranes may be related to the irritating activity in the periapical tissue. Menthol showed only a stabilizing effect on the erythrocyte membranes at concentration of 0.06 to 4 mM. The potency of membrane stabilizing effects of essential oils on ery throcytes occurred in the following order: eugenol>menthol=thymol.
Thymol caused a marked GOT leakage from isolated rat hepatocytes.
In contrast, eugenol and menthol caused only an in hibition of enzyme leakage. The necrosis of hepatocytes after exposure to thymol was confirmed by trypan blue staining as a con ventional indicator of cell viability. The con centration of thymol that caused necrosis of hepatocytes was the same as that which caused enzyme leakage. The inhibition of GOT, GPT and LDH leakage by eugenol and menthol may indicate the membrane sta bilizing effect of these drugs on the hepa tocytes, and the increase of GOT leakage by thymol may suggest membrane lysis. Thymol had a greater ability to cause membrane lysis in erythrocytes and hepatocytes than eugenol. The result seems to be in good agreement with the previous finding that the toxicity of thymol on the cell viability in the guinea pig neutrophils is more potent than that of eugenol. The potency of the membrane lysis ability of eugenol and thymol on erythrocytes and hepatocytes is very similar to the report of Suzuki et al. (16). The enzyme release from hepatocytes is regulated by membrane permeability, levels and localization in hepatocytes and molecular weight (17). It was reported that GPT and LDH in isolated hepatocytes were easily released than GOT (18). Their degrees of release from hepatocytes are not correlated with their molecular weight (GOT: 95000, GPT: 110000, LDH: 140000). The levels and localization of GOT in hepatocytes are much the same as those of GPT. In the present study, thymol caused an increase of GOT leakage but not GPT and LDH, and it may be correlated with the difference of their enzyme release from the control hepatocytes.
The model membranes of DPPC-liposomes are in a crystalline phase below and liquid crystalline phase above the phase-transition temperature.
Thymol we obtained a positive cor relation between membrane lysis, depression of phase-transition temperature and reduction of surface tension, which is consistent with the results reported in previous studies (6, 22, 23). In the present study, eugenol and thymol showed a positive correlation between the hemolysis of erythrocytes in higher concentra tions, depression of phase-transition tempera ture and reduction of surface tension. Espe cially, the increase in enzyme leakage and in necrosis of hepatocytes by thymol was related to the increase in fluidity of phos pholipid bilayer membranes and reduction of surface tension.
The inhibiting effects of essential oils on the enzyme leakage from hepatocytes were dose-independent in comparison with ef fects of acceleration of enzyme leakage in hepatocytes and hypotonic hemolysis in ery throcytes. These results suggested that iso lated rat hepatocytes as a biomembrane model was more suitable for the examina tion of membrane lysis than for examining membrane stability (8, 20, 22 
